The synthesis and characterization of a series of cross-conjugated oligo(phenylene enynylene)s via the Sonogashira protocol is reported. The structural properties of these oligomers have been established by 1 H and 13 C NMR and IR spectroscopies, as well as mass spectrometry. Their electronic absorption and emission behavior has been investigated via UV/Vis and fluorescence spectroscopy. The results of this study demonstrate that electronic communication along the conjugated framework of these oligomers is limited due to the presence of a cross-conjugated enyne framework and arylene fragments.
Introduction
The preparation of conjugated molecules of defined length and constitution is vital for the realization of both molecules and polymers suitable for use as materials for molecular-scale electronics, organic luminescent devices, and nonlinear optical (NLO) media. 1 The ability to tailor organic molecular structure using organic synthetic techniques provides great versatility to modulate the properties of these molecules toward various applications. The study of conjugated organic oligomers with specific π−delocalization patterns can also provide the basis for the realization of useful polymer-based materials by using trends in the molecular properties to model those of the polymer system. Many linearly conjugated oligomers have been explored as advanced materials, including those based on a framework of poly(phenylene ethynylene), 2 polydiacetylene, 3 and polytriacetylene. 4 An alternative conjugation motif, namely cross conjugation, is also of interest in constructing oligomeric systems. Study on cross-conjugated iso-polydiacetylenes (iso-PDAs) 5 oligomer framework is moderated in comparison to linearly conjugated analogues, helping to maintain transparency in the visible region of their absorption spectra. These investigations have now been extended via the synthesis of hybrid oligomers that result from the insertion of an arylene spacer into the iso-PTA structure, namely the poly(phenylene enynylene)s. These oligomers can be viewed as isomeric derivatives of the linearly conjugated poly(phenylene ethynylene) and poly(phenylene vinylene), both of which are important semi-conducting organic polymers. In the present study, phenylene enynylene oligomers with precise length and defined structure have been assembled in an iterative manner using the palladium catalyzed Sonogashira coupling reaction. The structural properties of these new oligomers have been established by spectroscopic techniques, and their electronic absorption and emission characteristics have been evaluated. This study ultimately demonstrates that π-electron delocalization takes place only within each linearly conjugated segment, and little, if any, π-electron communication can be detected across the cross-conjugated backbone on the basis of these analyses.
in numerous by-products, even at low temperature. To circumvent this problem, an alternative route was explored. Deprotection of 2a via selective removal of the trimethylsilyl group gave diyne 2b. From compound 2b, ketone 3 can be obtained via the reaction with iso-butyryl chloride under CuI catalysis and in the presence of triethylamine. 10 This reaction gave 3 as a yellow oil in 96% yield. Ketone 3 can be efficiently converted into vinyl triflate 1 using a procedure adapted from that described by Stang et al. 11 Thus, reaction of 3 with triflic anhydride in the presence of a sterically hindered pyridine base gave 1 as an orange oil in 85% yield following purification by column chromatography.
Scheme 1. Formation of vinyl triflate 1.
Using triflate 1, monomer 4, dimer 5, and trimer 6 can be generated as shown in Scheme 2. Cross-coupling of terminal alkyne 2b with triflate 1 using typical Sonogashira coupling conditions, 12 PdCl 2 (PPh 3 ) 2 as a catalyst, CuI as a co-catalyst, and diisopropylamine as base, gave an excellent yield of monomer 4 following column chromatography (silica gel). The analogous cross-coupling of triflate 1 with 1,4-diethynylbenzene gave dimer 5 in 38% yield as an orange solid. The formation of trimer 6 first required the exhaustive deprotection of monomer 4 to afford the terminal alkyne precursor 7. This desilylation was done with tetrabutylammonium fluoride (TBAF) in a dilute THF solution. Unfortunately, the yield of this reaction was consistently low, with numerous by-products observed from TLC analysis during the reaction. Attempts to optimize the process by varying temperature showed that the best yields were obtained at a temperature around -10 °C. Since the deprotected compound 7 was not sufficiently stable for long-term storage, it was converted directly into trimer 6 following a brief reaction workup. The subsequent reaction of 7 with triflate 1 then gave trimer 6. Somewhat surprisingly, kinetic stability of these oligomers rapidly became an issue as a function of increasing oligomer length, and already at the stage of the trimer 6, instability caused difficulty in both separation and purification of the product. Nonetheless, trimer 6 can be isolated pure as an orange solid in 9% yield over the two steps from 4. All attempts toward the desilylation of dimer 5 and trimer 6 with TBAF toward the formation of longer oligomers, however, have led only to unidentified products of decomposition, irrespective of the conditions used. Thus, trimer 6 remains the longest derivative successfully constructed to date. The iterative synthetic approach allows an investigation of cross-conjugated oligomers with precise length and defined structure, and comparisons of spectroscopic properties as a function of length are therefore possible. The 1 H NMR spectra of 4-6 are consistent with their proposed structures, and the most diagnostic feature in each case is the presence of broad singlets arising from the aryl protons. The 13 C NMR spectrum of monomer 4 shows a signal of the dimethyl alkylidene carbon (C=CMe 2 ) shifted rather dramatically downfield to 155.5 ppm, and the other vinyl carbon (C=CMe 2 ) shifted upfield to 101.3 ppm, consistent with that observed for similar cross-conjugated molecules based on an isopropylidene framework. 13 The four resonances of the sp-hybridized carbons are observed at 106.8, 92.7, 91.1, and 88.1 ppm, and that of the isopropylidene methyl groups is found at 23.0 ppm. UV/Vis spectroscopic analysis of dimer 5 and trimer 6 was performed to investigate their electronic absorption behavior (Figure 2 ). These spectra show that both dimer 5 and trimer 6 possess similar absorption bands at 310 and 328 nm, and a shoulder absorption at ca. 350 nm. A broad, much less intense absorption (ε < 1000) from 360-390 nm is also observed.
14 The similar UV/Vis characteristics for dimer 5 and trimer 6 suggest that there is little π-electronic communication via the framework of the oligomers as the chain length increases, even at the stage of the trimer. This outcome can be attributed to both cross conjugation and the phenylene spacer unit, which both diminish the π-delocalization along the oligomer backbone. As a result, the only major difference between the spectra of 5 and 6 is the accumulated effect in molar absorptivity (ε) that takes place as a result of the additional number of repeat units for the trimer 6. This contrasts the behavior observed for cross-conjugated iso-PDAs, where a slight red shift in the lowest energy absorption was observed for oligomers up to 7-9 repeat units in length. Fluorescence spectra of dimer 5 and trimer 6 were obtained in dilute solutions of degassed chloroform and are shown in Figure 3 . When irradiated at 326 nm, both oligomers exhibit exactly the same blue emission bands at 359 and 381 nm, and with the increasing oligomeric chain length, there is no apparent red shift in emission wavelength. Furthermore, upon varying the excitation wavelength from 250 to 347 nm, both dimer 5 and trimer 6 gave the same emission maxima indicating that the emission is insensitive to the excitation wavelength. These results corroborate the observations from the electronic absorption analysis for 5 and 6, and confirms that the electronic properties of the oligomers are dominated by the longest linearly conjugated segment (shown in bold for trimer 6, Figure 4 ) and increased electronic communication is not obtained by increasing the oligomeric length.
i-Pr 3 Si
Sii-Pr 3 Figure 4 . Schematic illustration of the longest linearly conjugated segment of trimer 6, shown in bold.
In conclusion, we have described the synthesis of the first members of a new class of crossconjugated organic oligomers. These compounds can be readily formed in a divergent manner using palladium catalyzed cross-coupling as a key synthetic step. Electronic absorption and emission spectroscopy suggests that electronic communication along the conjugated framework is severely limited due to cross conjugation, which results in similar absorption and emission wavelengths for oligomers regardless of length.
Experimental Section
General Procedures. Reagents and solvents were purchased reagent grade and used without further purification. Evaporation and concentration in vacuo was done at H 2 O-aspirator pressure. All reactions were performed in standard glassware. A positive pressure of argon or nitrogen was essential to the success of all Pd-catalyzed reactions. Degassing of solvents was accomplished by vigorously bubbling argon or nitrogen through the solution for at least 30 min. Column chromatography was done with Silica gel 60 (230-400 mesh) from Rose Scientific Ltd. using the solvent system described and thin-layer chromatography (TLC) used plastic sheets covered with silica gel 60 F254 from Macherey-Nagel and visualization by UV light or KMnO 4 stain. UV/Vis spectroscopic measurements were done at room temperature using reagent grade CHCl 3 To a solution of 2b (0.26 g, 0.93 mmol) and iso-butyryl chloride (0.20 g, 1.9 mmol) in triethylamine (20 mL) under a nitrogen atmosphere at 0 °C was added CuI (9.5 mg, 0.05 mmol). The reaction mixture was warmed and stirred at rt for 4 h. The triethylamine was removed under reduced pressure. Methanol (50 mL) was added to quench the remaining isobutyryl chloride and the volatile components were removed under reduced pressure. The residue was extracted by diethyl ether (2 x 25 mL), the solution washed with water (50 mL), and dried over MgSO 4 . After the solvent was removed, purification by column chromatography (silica gel, CH 2 Cl 2 /hexanes 1:1) gave 3 (0.32 g, 96%) as an orange oil. 
